Aims/hypothesis. Type 1 diabetes mellitus is an autoimmune disease characterized by dysfunction and destruction of the pancreatic beta cells. Interleukin-1β (IL-1β) has been reported to cause suppression of insulin secretion from pancreatic islets via induction of inducible nitric oxide synthase (iNOS) followed by nitric oxide (NO) production. In this study, we investigated the effects of inhibition of iNOS on pancreatic beta-cell dysfunction in non-obese diabetic (NOD) mice and IL-1β-treated isolated rat pancreatic islets using a novel specific inhibitor, ONO-1714. Methods. Female NOD mice which received subcutaneous infusion of ONO-1714 (4 µg/kg/day or 40 µg/kg/day) from 10 to 14 weeks after birth were compared with untreated NOD mice. In addition, pancreatic islets were isolated from Sprague-Dawley rats and cultured for 24 h with IL-1β (100 U/mL) with or without ONO-1714 or the non-selective NOS inhibitor N G -monomethyl-L-arginine (L-NMMA). We measured insulin secretion and insulin content of the islets by ELISA, iNOS mRNA expression by reverse transcription-polymerase chain reaction, and NO generation by Griess Reagent System. Results. Hyperglycaemia was observed in NOD mice. ONO-1714 treatment blunted this increase and tended to preserve insulin secretion, although body weight increase did not differ between the groups. Insulitis was also attenuated in the ONO-1714-administered group compared to the control group. Furthermore, in isolated rat pancreatic islets ONO-1714 prevented IL-1β-induced inhibition of insulin secretion, this protection being evident in much lower concentrations than with L-NMMA. While ONO-1714 completely inhibited IL-1β-induced NO production, it did not reduce expression of islet iNOS mRNA. Conclusion/interpretation. These findings indicate that ONO-1714 is promising as a therapeutic agent for autoimmune diabetes. [Diabetologia (2003[Diabetologia ( ) 46: 1228[Diabetologia ( -1233 Keywords Type 1 DM, interleukin-1β, NOD mouse, pancreatic islet, iNOS, nitric oxide, ONO-1714. Type 1 diabetes mellitus is characterized by infiltration of the pancreatic islets by mononuclear cells followed by dysfunction and destruction of the pancreatic beta cells [1] . The proinflammatory cytokine interleukin-1β (IL-1β) produced by infiltrating mononuclear cells has been implicated as an immunological effector which both inhibits insulin secretion by pancreatic beta cells and induces their destruction [2, 3, 4, 5, 6] . The deleterious effects of IL-1β are thought to be mediated by production of nitric oxide (NO) [7, 8, 9] , resulting from the expression of the cytokine-inducible isoform of NO synthase (iNOS) [10, 11] , in islet
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Methods
Reagents. Recombinant human IL-1β was purchased from Pepro Tech EC, London, UK. (1S, 5S, 6R, 7R)-7-Chloro-3-imino-5-methyl-2-azabicyclo-[4.1.0] heptane hydrochloride (ONO-1714) was a generous gift from ONO Pharmaceutical Co., Osaka, Japan and L-NMMA was purchased from Sigma, St Louis, Mo., USA.
Animals. Female NOD mice and male Sprague-Dawley (SD) rats were obtained from Nippon SLC, Shizuoka, Japan and housed in a temperature-, humidity-, and light-controlled room (21-23°C, 12 h-12 h light-dark cycle) and given free access to food and water. The institutional ethical committee for animal experiments approved all the protocols.
NOD mouse experiment. We administrated either a low dose (4 µg/kg/day, n=6) or a high dose (40 µg/kg/day, n=5) of ONO-1714 for 4 weeks via continuous subcutaneous infusion to 10-week-old female NOD mice using osmotic mini pumps (Alzet, Cupertino, Calif., USA). Untreated control mice (n=5) were administered saline using the same pumps. Intraperitoneal glucose tolerance tests (1.5 mg/g body weight) were carried out after 4 weeks administration of the compound. Plasma glucose concentrations were measured using a compact glucose analyzer (Medi Safe, Terumo, Tokyo, Japan) with orbital blood sampling. After the experiments, mice were killed by cervical dislocation under sodium pentobarbital anaesthesia and pancreatic tissue was removed, fixed in 10% formalin and embedded in paraffin. Each pancreatic block was cut into 5 µm thin sections and stained with haematoxilin and eosin and observed under a light-microscope for evaluation of insulitis, classified into three categories by the degree of mononuclear cell infiltration into islets: high (80%~), moderate (20~80%) and low (~20%). In each pancreas, approximately 30 islets were analyzed and a total of 150 islets in each experimental group were evaluated for insulitis. The examiner was unaware of the origin of the sections.
Islet isolation and culture. Rat pancreatic islets were isolated from male SD rats (7-10 weeks of age) using collagenase digestion, after addition of IL-1β and/or inhibitors, and cultured in RPMI 1640 medium (Invitrogen, Carlsbad, Calif., USA) supplemented with antibiotics (50 µU/ml penicillin and 50 µg/ml streptomycin), and 10% foetal calf serum (Dainippon Pharmaceutical, Osaka, Japan) for 24 h at 37°C in 5% CO 2 and 95% air.
Insulin release from the isolated pancreatic islets. The control and treated islets were pre-incubated at 37°C for 20 min with Hepes-Krebs buffer supplemented with 3.3 mmol/l glucose and 0.1% BSA, fraction V (Sigma, St Louis, Mo., USA). Groups of five islets were then incubated for 30 min at 37°C in 500 µl of Hepes-Krebs buffer containing 16.7 mmol/l glucose. Samples of incubation buffer were collected for insulin determination with ELISA (Shibayagi, Gunma, Japan). Insulin content of islets was measured by ELISA after acid-ethanol extraction.
Determination of cell viability. The cell viability was evaluated by the Trypan blue exclusion assay. Control islets and IL-1β and/or inhibitor-treated islets were dispersed and examined microscopically.
Semi-quantitative RT-PCR of iNOS mRNA.
Total RNA was isolated from rat islets using TRIzol reagent (Invitrogen) and used for the reverse transcription reaction with reverse transcriptase (SuperScript Preamplification System, Invitrogen) according to the manufacturer's protocol. The cDNA was subjected to PCR for rat iNOS and GAPDH as an internal control with rTaq DNA polymerase (Takara Shuzo, Tokyo, Japan). Primers for rat iNOS cDNA were as follows; sense-5′-CAGCAATGGG-CAGACTCT-3′, antisense-5′-CACAGGCTGCCCGGAAG-GTTTG-3′. Primers for GAPDH cDNA were as follows; sense 5′-GTCCCGTAGACAAAATGGTG-3′, antisense 5′-GCTTC-ACCACCTTCTTGATG-3′. PCR conditions for iNOS were: 1 min at 94°C, 1 min at 60°C, and 1 min at 72°C for 30 cycles. For GAPDH, they were 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C for 30 cycles. PCR products were separated by 1% agarose gel electrophoresis followed by staining with ethidium-bromide, and the intensity of each band was analyzed with NIH image software (ver. 1.59).
Measurement of nitrite production. Islet NO production was measured as nitrite accumulation in culture media determined by Griess reaction. Groups of 100 islets in 120 µl of RPMI 1640 medium were exposed to IL-1β with or without ONO-1714 for 24 h. Samples of the conditioned media were then collected and applied to the Griess Reagent System (Promega, Madison, Wis., USA). The limit of detection is 125 pmol nitrite with this method.
Statistical analysis.
Values for insulin secretion, insulin content, cell viability and nitrite concentration were analyzed by ANOVA followed by Fisher's PLSD test for multiple comparisons with Stat View 5 (SAS institute, Cary, N.C., USA). A p value of less than 0.05 was considered statistically significant. Values for histological evaluation of insulitis were analyzed using Spearmann rank correlation. Values for expression of iNOS mRNA were analyzed using non-parametric MannWhitney U-test with Bonferroni correction. In this case, a p value of less than 0.017 was considered significant.
Results

Effects of ONO-1714 on progression of diabetes in the NOD mouse.
The increments of BW after 4 weeks treatment did not differ among the groups. The fasting plasma glucose concentrations were increased in the control group compared to the ONO-1714-treated groups. After glucose loading, plasma glucose concentrations were high in the control group and remained within normal range in the low dose group (Fig. 1A) . Insulin secretion was impaired in the control group, but there was a tendency towards preservation by the ONO-1714 administration (Fig. 1B) . Histological examination showed that all the mice developed insulitis (Table 1) , but the extent was decreased in the ONO-1714-administered groups when compared with the control groups (p<0.01, high dose vs control and p<0.001, low dose vs control). Thus, 4 weeks administration of ONO-1714 retarded the progression of autoimmune diabetes mellitus in NOD mice.
Effects of IL-1β on glucose-stimulated insulin secretion from isolated rat islets.
To determine an appropriate concentration of IL-1β, isolated rat islets were incubated with various concentrations for 24 h, then, glucose-stimulated insulin secretion was examined (Fig. 2) . Dose-dependent suppression of insulin secretion was evident. With 100 U/ml IL-1β, the value was reduced to 20% of the control and this concentration was selected for use in the following experiments.
Dose dependent effects of ONO-1714 on glucose-stimulated insulin secretion. ONO-1714 alone did not influence glucose-stimulated insulin secretion, but it prevented the IL-1β-induced inhibition in a dose-dependent manner (Fig. 3A) . The maximum effect was obtained at the concentration of 10 -5 mol, and with recovery up to 84% of the control level. Treatment with IL-1β and/or ONO-1714 did not affect the insulin content in isolated islets (Fig. 3B) . Trypan blue staining also showed no difference in cell viability among the groups. The trypan blue stained cells of control cells, IL-1β-treated cells and IL-1β-plus ONO-1714-treated cells were in the range of 9.3±0.5% (means±S.E., n=3), 8.3±0.5% (n=3), 8.2±1.3% (n=3), respectively. There were no significant differences in any of three groups.
Dose-dependent effects of L-NMMA on glucose-stimulated insulin secretion. The inhibitory effects on iNOS were compared between ONO-1714 and L-NMMA in isolated rat islets. L-NMMA improved IL-1β-induced impairment of glucose-stimulated insulin secretion at higher concentration than ONO-1714 (Fig. 4) consist- ant with the fact that the inhibitory effect of ONO-1714 on iNOS is 451-fold more potent than L-NMMA.
Semi-quantitative RT-PCR of iNOS mRNA.
To investigate whether a specific iNOS inhibitor can affect iNOS mRNA expression in rat islets, semi-quantitative RT-PCR of iNOS mRNA was carried out (Fig. 5) . ONO-1714 treatment did not reduce but rather enhanced IL-1β-induced iNOS mRNA expression.
Effects of ONO-1714 on IL-1β-induced NO production.
Groups of islets were exposed to IL-1β with or without the inhibitor for 24 h (Fig. 6) . In control islets they were below the level of detection (125 pmol). The mean value of nitrite in IL-1β-treated group was 377±45 pmol (means±S.E., n=5), therefore, IL-1β induced NO-production three-fold above the detection 6 . Effects of ONO-1714 on IL-1β-induced NO production. Groups of 100 islets pre-treated with ONO-1714 for 30 min were exposed to IL-1β for 24 h. The nitrite concentration in the culture media is expressed as the percentage of the corresponding IL-1β value alone. Data are from five independent experiments. The hatched column indicates value of IL-1β-treated islets. ND, not detectable limit of the assay. IL-1β induced NO production accompanied by increase in iNOS mRNA. ONO-1714 suppressed this IL-1β-induced NO production completely.
Discussion
It is well known that NO produced by the expression of iNOS mediates dysfunction and autoimmune destruction of pancreatic beta cells [7, 8, 10] , and many studies have shown inhibitions of NOS to attenuate IL-1β-induced inhibition of glucose-stimulated insulin secretion in isolated islets [17, 18, 19, 20] . However, prevention of diabetes development in animal models of Type 1 DM has remained elusive. This study shows beneficial effects of ONO-1714, one of the most potent and selective iNOS inhibitors currently available, on the development of Type 1 DM in vivo as well as associated IL-1β alteration in isolated islets in vitro. Previous studies have shown that a non-selective NOS inhibitor, L-NMMA, can improve IL-1β-induced impairment of insulin secretion in vitro, but its inhibition of the endothelial isoform of NOS (eNOS) results in increased blood pressure, making it impossible to apply in vivo. With the administration of ONO-1714 to NOD mice for 4 weeks, from the age of 10 weeks, insulitis and autoimmune diabetes mellitus were ameliorated. NOD mice show pancreatic islet infiltration by cells of the immune system (insulitis) beginning at 5 weeks of age, the prevalence of insulitis being 90% at 9 weeks of age and 100% at 20 weeks, with beta-cell destruction and diabetes beginning at 12 weeks of age. Therefore, we administered the iNOS inhibitor to NOD mice when insulitis had developed but beta-cell destruction had not yet emerged. If inhibition of NO formation in beta cells of NOD mice prevents progression of autoimmune diabetes mellitus, this would indicate a pathogenic role for iNOS and NO in autoimmune destruction of beta cells. Our results showed that ONO-1714 could also protect pancreatic islets of NOD mice against mononuclear cell infiltration, suggesting the possibilities that antigen presentation to immunocytes along with mononuclear cell chemotaxis was suppressed due to suppression of NO-induced beta-cell destruction by ONO-1714. Furthermore, we hypothesized that ONO-1714 might have the direct effect of suppression of mononuclear cell infiltration to the islet. Thus, ONO-1714 might protect islets by reduction of both immune system attack and NO-mediated actions of cytokines secreted from infiltrating mononuclear cells. Many studies carried out in vitro have clearly shown that inhibition of iNOS by analogs of L-arginine improves functional activity of islets exposed to cytokines. For example, L-NMMA and N ω -nitro-L-arginine methyl ester (L-NAME) preserve glucose-induced insulin secretion in islets exposed to IL-1β [17, 18] . However, results from in vivo studies using animal models of Type 1 diabetes mellitus have been controversial. Administration of L-NMMA, aminoguanidine (AG), another type of iNOS inhibitor, or L-NAME to diabetic prone BB-rats reduced diabetes incidence [22, 23] . Furthermore, treatment with AG prevented or delayed the development of diabetes in transgenic mice overexpressing iNOS in pancreatic beta cells [24] . In contrast, L-NMMA or AG in NOD mice did not show any effects on the incidence of diabetes [25, 26] . Recently, however, one study reported that a selective iNOS inhibitor guanidinoethyldisulphide protects progression of diabetes in the NOD mouse [27] although another such agent, W1400 failed to prevent multiple low-dose streptozotocin-induced diabetes in vivo [28] . Thus, the effects of various iNOS inhibitors in vivo differ greatly. The strategy of suppression of iNOS activity must be viewed critically, since all of the inhibitors might also interact with other NOS isoforms, albeit with lower affinity. High doses of arginine-related compounds have to be administered, which could result in other pharmacological effects. Actually, rats treated with L-NAME showed increased tail-cuff pressure as well as histological lesions resembling the severe cardiomyopathy found in hypertensive-diabetic rats due to the inhibition of eNOS by this compound [29] . We found that NOD mice administered a low dose of ONO-1714 showed more noticeable improvement of plasma glucose concentrations than a high dose, before and after glucose loading. We consider that this result suggests that a high dose of ONO-1714 might have eNOS inhibitory effect and inhibition of eNOS-derived NO might lead to the insulin resistance [30] of NOD mice. We also investigated the effect of ONO-1714 in isolated rat islets, with beta cells intact and not infiltrated by mononuclear cells. A 100 U/ml dose of IL-1β showed suppression of glucose-induced insulin secretion, although there were no differences in the insulin content and the result of trypan blue staining as evidence of damage to beta-cell function not associated with cell death. Treatment with 10 −5 mol ONO-1714 blocked this effect. Thus, we presume that ONO-1714 improves beta-cell function of insulin secretion without affecting beta-cell viability. Although the IL-1β-induced expression of iNOS mRNA was not reduced, NO formation ceased completely. Thus, inhibition of NO production is responsible to improvement of IL-1β-mediated suppression of glucose-stimulated insulin secretion. However, IL-1β-mediated inhibition of insulin release was only attenuated to 84% of the control, indicating an involvement of other mediators of NO-independent signalling pathways. Further elucidation of IL-1β-mediated signal transduction pathways in beta cells should facilitate understanding of the pathogenesis of autoimmune Type 1 diabetes mellitus and development of new pharmacological treatments.
In conclusion, this study shows retarding effects of the novel specific iNOS inhibitor ONO-1714 on auto-immune diabetes mellitus in the NOD mouse and prevention of IL-1β-mediated dysfunction in isolated rat pancreatic islets. The findings indicate that ONO-1714 could have a potential as a therapeutic agent for autoimmune Type 1 diabetes mellitus.
